A new class of highly fluorescent, photostable, and magnetic core/shell nanoparticles has been synthesized from a reverse microemulsion method. The obtained bifunctional nanocomposites were characterized by transmission electron microscopy (TEM), ultraviolet-visible (UV-vis) spectrometry, photoluminescence (PL) spectrometry, and fluorescence microscopy in a magnetic field. To further improve their biocompatibility, the silica-coated nanoparticles were functionalized with amino groups. The fluorescent magnetic composite nanoparticles (FMCNPs) had a typical diameter of 50 ± 5 nm and a saturation magnetization of 3.21 emu g −1 at room temperature, and exhibited strong excitonic photoluminescence. Through activation with glutaraldehyde, the FMCNPs were successfully conjugated with goat anti-mouse immunoglobin G (GM IgG), and the bioactivity and binding specificity of the as-prepared FMCNPs-GM IgG were confirmed via immunofluorescence assays, commonly used in bioanalysis. So they are potentially useful for many applications in biolabelling, imaging, drug targeting, bioseparation and bioassays.
Introduction
Semiconductor nanocrystals, commonly called quantum dots (QDs), have shown significant potential for various applications ranging from QD lasers to biological tagging. In particular, II-VI semiconductor nanocrystals have generated tremendous interest due to their unique optical properties in the past decade [1] [2] [3] [4] . They are governed by strong quantum confinement effects and, therefore, are size dependent. The absorption onset and fluorescence emission shift to larger energy with decreasing size. Moreover, while the absorption spectrum is a continuum from the band gap into the UV, the emission pattern is narrow and symmetric and does not 1 Authors to whom any correspondence should be addressed. depend on the excitation frequency. Several different sizes of nanocrystals can thus be excited simultaneously with a single excitation source, resulting in well-resolved colours of emission [5] [6] [7] . In comparison to organic fluorophores, QDs provide a competitive alternative for biomolecular imaging and analysis [8] [9] [10] . Magnetic nanoparticles of iron oxides (MNPs) have been extensively exploited as the materials of choice for ferrofluids, high-density information storage, magnetic resonance imaging (MRI), tissue-specific releasing of therapeutic agents, labelling and sorting of cells, and separation of biochemical products [11] . These particles are superparamagnetic, which means that they are attracted to a magnetic field but retain no residual magnetism after the field is removed. Therefore, suspended superparamagnetic particles tagged to the biomaterial can be removed from a matrix using a magnetic field, but they do not agglomerate after removal of the field [12] . Thus magnetic nanoparticles combined with QDs develop the special functionalized fluorescent magnetic composite nanoparticles (FMCNPs), which possess the advantages of both magnetic nanoparticles and QDs, and offer a novel chance for biomedical application. Highly luminescent QDs can serve as luminescent markers, while magnetic nanoparticles can be easily manipulated under the external magnetic field. Therefore, the novel composite nanoparticles broaden novel application scope in biolabelling, bioseparation, immunoassay, target imaging and pathogenic detections.
The high surface-to-volume ratio of nanocrystals suggests that the surface properties should have significant effects on their structure and properties. For QDs, it is well known that the emission efficiency, spectrum, and time evolution are very strongly affected by the surface properties. Control of the surface is in particular the key to highly luminescent nanocrystals [1, 6] . Various capping ligands have been used to modify the surface of QDs to make them water soluble and enable their application in biological samples. However, QDs capped with small molecules such as mercaptoacetic acid are easily degraded by hydrolysis or oxidation of the capping ligands [5, 10] . For MNPs, as a result of anisotropic dipolar attraction, pristine nanoparticles of iron oxides tend to aggregate into large clusters and thus alter their magnetic properties, and they can undergo rapid biodegradation when they are directly exposed to the biological system [11] [12] [13] .
Generally, it can be realized that by encapsulating the nanoparticles in an inert shell, it inherently modifies their surface properties and prevents direct contact between the particles [12, 13] .
In particular, silanization of nanoparticles has shown great success in protecting their surface characteristics [9, 14] . Silica is a good noncytotoxic and biocompatible material which has been shown to provide some prime advantages for nanoparticles. First, the silica shell can decrease the polydispersity of the particles to prevent flocculation of particles, and prevent species from adsorbing onto the surface, thus, it offers a greater stability in biological buffers [8, 15] .
Second, it is optically transparent and chemically inert in protecting the surface of the nanoparticles from oxidation, thereby helping to maintain the photoproperties of QDs [16, 17] . Third, silica surfaces are easy to functionalize [4] : the decoration of the silica shell with functional groups including thiol, amine, and carboxylate groups facilitates the solubility of spheres in different solvents, allowing for greater control in conjugation protocols [7] .
The methods for covering nanoparticles with silica can be roughly divided into techniques based on a sol-gel process, which was first published by Stöber et al [18] (the socalled 'Stöber method'), and on microemulsion synthesis. Major disadvantages of the Stöber method for this purpose are the high requirements on purity of the reactants, the difficulty and multiplicity of the preparation steps, and the fact that nanoparticles with nonpolar ligands cannot be coated easily. Alternatively, a microemulsion approach was used to coat inorganic nanoparticles [11] . Advantages of the microemulsion method are that it is very 'robust' against many reaction conditions and that the resulting silica nanoparticles have 'smooth' surfaces and display good monodispersity to yield more uniform spheres [3, 19] . To the best of our knowledge, the idea of combining MNPs with QDs has been reported in only a few articles. Salgueiriño-Maceira et al synthesized fluorescent magnetic nanoparticles via two steps including a modified Stöber method combined with the layer-by-layer (LbL) assembly technique. But the accurate values of quantum yield (QY) could not be provided reasonably for the increase in light scattering, because the QDs had been deposited onto the magnetic silica spheres complicating its quantification [20] . Thomas et al encapsulated a single CdSe@ZnS nanoparticle within a monodisperse silica nanosphere [3] .
Hatanaka et al immobilized FITC-(fluorescein isothiocyanate) avidin onto the surface of nanoparticles composed of Fe 3 O 4 and γ -Fe 2 O 3 ferrite, and utilized these fluorescent magnetic particles to observe magnetic patterns written on a floppy disk [21] . Lu et al described a sol-gel approach for the coating of superparamagnetic MNPs with uniform shells of amorphous silica and incorporating fluorescent dyes into the silica shells by covalently coupling these organic compounds with the solgel precursor [22] . Laurent et al prepared multifunctional nanoclinics consisting of thin silica-coated MNPs and fluorescent dyes with a biotargeting group luteinizing hormone-releasing hormone (LH-RH). The LH-RH group targeted receptor-specific cancer cells for utilization in imaging and investigation of biological effects [23] . Yi et al synthesized silica-coated nanocomposites of magnetic nanoparticles and quantum dots by reverse microemulsion methods, in which prepared magnetic nanoparticles and quantum dots were dispersed in cyclohexane [24] .
Guo et al prepared Fe 3 O 4 @SiO 2 @CdTe particles covered with an outer silica shell of 100-150 nm and tested their medical applications [25] .
However, there are few reports on the use of fluorescent magnetic hybrid particles as biological materials in bioseparation and biolabelling. Furthermore, almost all the hybrid particles in previous work used organic dyes as fluorophores, which limit their applications. The main motivation to fabricate magnetic and luminescent silica-coated composite nanoparticles was to create multifunctional nanocomposites which can be controlled by an external magnetic field and detected by using their luminescence. Herein, we prepared both MNPs and CdTe QDs embedded in silica spheres based on a straightforward application of the reverse microemulsion approach at room temperature. Through a facile method, we obtained multifunctional FMCNPs with more MNPs and QDs encapsuled in one silica sphere which exhibited higher luminescence and superparamagnetic properties. After activation with glutaraldehyde, the FMCNPs were covalently coupled with goat antimouse (GM IgG). The bioactivity of the as-prepared FMCNPs-GM IgG was confirmed via immunofluorescence assays, commonly used in bioanalysis, and it proved bioactive and suitable for bioapplication. We believe exploiting interesting MNPs, highly fluorescent CdTe QDs and the high biocompatibility of silica shell can provide a fantastic candidate for noncytotoxic bioimaging, biolabelling, biosensing, drug targeting, and sitedirected surgery applications.
Experimental details

Materials
Ultrapure water (18 M cm −1 ) was used to prepare all aqueous solutions. Ferric chloride (FeCl 3 ·6H 2 O), ferrous sulfate (FeSO 4 ·7H 2 O), cadmium chloride (CdCl 2 ·2.5H 2 O), tellurium (reagent powder), sodium borohydride (NaBH 4 ), cyclohexane, n-hexanol, and aqueous ammonia solution (27 wt%) were purchased from China National Medicine Group. Thioglycolic acid (TGA), tetraethoxysilane (TEOS), t-octylphenoxypolyethoxyethanol (TritonX-100), glutaraldehyde, and 3-aminopropyltrimethoxysilane (APS) were obtained from Sigma. All chemicals were analytical grade and used directly without any purification. Mouse IgG (M IgG) and IgG (GM IgG) was obtained from Sigma Corporation.
Preparation of Fe 3 O 4 nanoparticles
The preparation was based on co-precipitation of ferrous and ferric ion solutions (1:2 molar ratio). In a typical experiment, a mixed aqueous solution of water (50 ml), ferric chloride (0.005 mol) and ferrous sulfate (0.0025 mol) were added into a 100 ml three-necked flask. Then the mixed sodium hydroxide solution (20 ml, 1.5 M, including 0.005 mol sodium citrate) was added quickly into the flask under vigorous stirring for 1 h at 80
• C in a nitrogen atmosphere. The resulting black precipitates were separated from the solution by a permanent magnet, washed with water three times and redispersed in 20 ml water. The concentration of the solution was about 8 mg ml −1 .
Preparation of CdTe QDs
In a typical synthesis, 5 mmol of CdCl 2 ·2.5H 2 O was dissolved in 110 ml of water, and 12 mmol of TGA were added under stirring, followed by adjusting the pH to 11 by dropwise addition of 1 M NaOH solution. The mixed solution was placed in a three-necked flask deaerated by N 2 bubbling for 30 min. Under stirring, 2.5 mmol of oxygen-free NaHTe solution was injected into the three-necked flask, which was freshly prepared from tellurium powder and NaBH 4 (molar rate of 1:2) in water at 0 • C. The resulting mixtures were refluxed at 100
• C for 4 h. The concentration of the resulting solution was about 4 mg ml −1 , and the 3.5 nm diameter product emitted with a maximum around 570 nm.
Silica coating and functionalization
FMCNPs were prepared using the reverse microemulsion approach. Typically, 50 ml cyclohexane, 10 ml TritonX-100, 8 ml n-hexanol, 500 μl CdTe stock solution, 500 μl Fe 3 O 4 stock solution, and 500 μl TEOS were added in a flask in turn under vigorous stirring. Thirty minutes after the microemulsion was formed, 150 μl ammonia aqueous solution was introduced to initiate the polymerization process. The silica growth was completed after 24 h of stirring. The solution was dealt with by magnetic separation, and the supernatant fluid was discharged. The resultant composite nanoparticles were washed with ethanol and water to remove any surfactant and unreacted molecules and dispersed in 5 ml ultrapure water. Next, to functionalize the surface of the composite nanoparticles, 95 ml ethanol and 2 ml APS were added to form a mixed solution and allowed to react at 80
• C for 3 h. The aminosilane-modified nanoparticles were separated by a permanent magnet again and were washed with water several times. Finally, FMCNPs were obtained and redispersed in 3 ml water.
Characterization
The ultraviolet-visible (UV-vis) and photoluminescence (PL) spectra were used to characterize the optical properties, which were measured in open-sized 1 cm path-length quartz at room temperature using a UNICAM-UV 300 spectrophotometer and Perkin Elmer LS 55 spectrofluorimeter, respectively. The room-temperature quantum yields (QYs) were carefully measured using Rhodamin 6G (QY = 95%) dissolved in water as a fluorescence standard. The photostability of the samples was also determined on a Perkin Elmer LS 55 in time drive mode. The optical appearance of FMCNPs was judged using a fluorescence microscope (Axiovert 100M, Carl Zeiss, Oberkochen, Germany) images were captured with a CCD camera (CoolSnap HQ, Photometrics, Roper Scientific Inc., Tuscon, AZ). Zeta potentials were measured at different pH in air at room temperature with a Malvern Zetasizer 2000 using the electrophoretic mobility technique. The pH values of specimens for this characterization were adjusted with 1 M HCl or NaOH solutions. The size determination was performed using transmission electron microscopy (TEM, JEOL JEM2010, at 200 kV). Samples were prepared by drying a drop of the dilute solutions onto 300-mesh carbon-coated copper grids which were allowed to dry completely at room temperature. The chemical composition was determined by energy-dispersive x-ray (EDX) analysis. The magnetic properties of the powder sample were measured using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design, PPMS-9T) at 300 K.
GM IgG labelled with FMCNPs
0.5 ml FMCNPs were magnetic separated and washed with phosphate-buffered saline (PBS, pH = 7.4) twice, and then redispersed in 1 ml of glutaraldehyde solution (glutaraldehyde dissolved in PBS to a final concentration of 1.25%), ensuring that the nanoparticles were completely dispersed by sonication. The reaction solution was allowed to react at room temperature for 3 h with continuous mixing in order to introduce the aldehyde group. Then the particles were separated on a magnetic concentrator and washed with PBS three times. The glutaraldehyde-treated FMCNPs were then dispersed in 0.5 ml PBS buffer, and 400 μl 2 mg ml −1 GM IgG was added. The solution was allowed to react at 4
• C for 24 h to obtain FMCNPs-GM IgG.
Detection of the immunoactivity of FMCNPs-GM IgG
The immunoactivity of FMCNPs-GM IgG was evidenced by immunofluorescence assays on 96 well microplates. First, 200 μl of 0.25 mg ml −1 M IgG dissolved in 0.05 M NaHCO 3 -Na 2 CO 3 buffer (pH = 9.5) was added to the polystyrene microwells and incubated at 4
• C overnight. After removing the solution, the wells were rinsed with 0.05 M PBS four times, a process repeatedly executed after each following step. Then 150 μl of 1% bovine serum albumin (BSA) solution was injected to block the active sites of the wells at 37
• C for 1 h. The M IgG-coated 96-well microplates were allowed to react with a certain volume of FMCNPs-GM IgG suspension (0.5 mg ml −1 ) for 1 h with continuous mixing at room temperature. Then the solution was removed and the wells were washed with PBS twice and deionized water once. Finally the fluorescence was measured using a Victor™ 1420 Multilabel Counter (Perkin Elmer). The following settings were used in all fluorescence measurements in this study: excitation filter 340 nm; emission filter 535 nm.
Result and discussion
Size characterization
FMCNPs were prepared by a reverse microemulsion method based on the base-catalysed hydrolysis of tetraethyl orthosilicate (TEOS) onto MNPs (10 nm average diameter) as well as CdTe QDs (3.5 nm average diameter), as outlined in scheme 1. The silanization process was straightforward and began with the formation of water/oil (W/O) microemulsion with cyclohexane serving as the continuous phase. Subsequently, QDs and MNPs were dissolved in the water phase, and then the silanization was carried out by hydrolysis of TEOS with the ammonia catalyst. Finally, the surface of the silica sphere was amino functionalized by another silica precursor, 3-aminopropyltrimethoxysilane (APS). Thus, the final product was ready for bioconjugation. Figure 1 shows transmission electron microscopy (TEM) images of FMCNPs, bare Fe 3 O 4 and CdTe nanoparticles: note that the final core/shell particles were rather monodisperse, and most silica shells had trapped several magnetic nanoparticle and CdTe QDs cores (see inset of figure 1(A) ). The hydrodynamic diameter of the FMNPs from the high performance particle sizer (HPPS, Malvern Instrument) (not shown) was consistent with the TEM results. The FMCNPs had a silica-shell thickness of 20 nm on average, yielding an average total diameter of 50 ± 5 nm. An energydispersive spectroscopy (EDS) analysis of the formed silanized nanoparticles showed the presence of 40.8% Si, 41.7% O, 11.6% Fe, 3.3% Cd and 2.4% Te.
Photophysical properties
The absorption and emission spectra of the CdTe QDs and FMCNPs are shown in figure 2 for comparison. After silica coating, the absorption peak shifted from 570 to 540 nm, showed an obvious blue shift, and became less pronounced. The blue shift was also observed in the fluorescence spectra, from 610 to 580 nm, and the emission peak became broader. Moreover, the emission peak remained symmetric and did not exhibit a red tail. The results of the blue shift phenomenon of the absorption peak and emission peak were the same as in a previous report [20] . The possible reason is that the coated CdTe quantum dots may undergo further corrosion during silica deposition since thiol ligands must be completely removed from their surfaces, leaving the QDs entirely unprotected and resulting in this blue shift in the maximum of the emission spectra [20] . Because of the strong absorbance of the magnetic nanoparticles embedded in silica nanocomposites, the fluorescence intensity partly decreased during preparation, as shown in the PL spectra, and the composite particles that were finally obtained showed very bright PL with a maximum quantum yield (QY) of up to 10% in comparison to rhodamine 6G. The data from time-resolved photobleaching experiments are shown in figure 3. They indicate that the fluorescence intensity of the uncoated CdTe QDs decreased rapidly, while FMCNPs resisted quenching; their fluorescence intensity increases during the first minutes of illumination but then level off at a constant value corresponding to about 120% of the initial value. The fluorescence intensity of FMCNPs is remarkably constant over time, keeping their PL even after several months without any visible decrease. This indicates that the silica shell has a dramatic effect on the stability of the luminescent properties compared to those of unsilanized CdTe, and the surfaces of the nanoparticles are well passivated. This improvement is crucial for the recognition of the fluorescenceencoded beads in continuous excitation conditions.
Magnetic properties
The magnetic and luminescent properties of FMCNPs are crucial for utilization as labels for separation or bioassay. As shown in figure 4 , FMCNPs showed bright luminescence under a fluorescent microscope and were simultaneously aligned in parallel stripes under the control of the external The room-temperature magnetization curve (figure 5) showed a magnetic hysteresis curve of FMCNPs. This indicated that the magnetic nanoparticles maintain their superparamagnetic property in the silica composites at room temperature, reaching a saturation magnetization value (saturation magnetization, M s ) of 3.21 emu g −1 of material. This low M s value was far less than the saturation magnetization of the magnetic nanoparticles (M s = 54 emu g −1 ) used for the preparation of these core/shell particles. The reduction in M s value could be attributed to the lower density of the magnetic component in the silanized nanoparticle samples. When their magnetization value was normalized to emu per gram of Fe 3 O 4 content, a comparable M s value was obtained close to those of the bare Fe 3 O 4 nanoparticles. This also can be explained by taking into account the diamagnetic contribution of the thick silica shell surrounding the magnetic cores [20] . However, it has directly demonstrated that FMCNPs possess magnetic properties besides luminescent properties. This will provide an easy and efficient way for biomedical applications since they undergo strong magnetization, allowing for efficient magnetic separation to separate particles from a sol or a suspension system and to carry drugs to targeted locations under an external magnetic field.
Functionalization, bioconjugation and bioactivity
The surface charges of the composite nanoparticles which were crucial to the electrostatic interaction were determined through electrophoretic mobility measurements; their zetapotential values as a function of pH are shown in figure 6 . This clearly indicates that FMCNPs had negative charges, but after amino functionalization had positive charges. Silanized nanocrystals had negative Si-O-groups on the surface, while positive charges of the FMCNPs surface further proved the functionalization of amino groups on the surfaces of the composite nanoparticles. The amino group is a key group, to which the desired molecules or biopolymers could be added and immobilized; this in turn increases the applicability of the composite nanoparticles.
Bioactivity and specificity after conjugation were confirmed by immunofluorescence assays on 96-well microplates. The principle of immunoassay and fluorescence detection was described in section 2, and blank comparison experiments were carried out using BSA-coated instead of the M IgG-coated 96-well microplates. The final results are shown in table 1: one can see from the table that the fluorescence intensity of the blank comparison experiments, which were designed for the purpose of inspecting the effect of non-specific adsorption of this immunoassay, was quite low, which proved that no observable non-specific adsorption occurred. It could be observed from the table that the fluorescence intensity increased when the volume of FMCNPs-GM IgG was enhanced because of the increasing FMCNPs-GM IgG captured by M IgG during the immunoassay. Thus, FMCNPs-GM IgG is directly demonstrated to be immunoactive and specific, and has significant potential for various applications in separation and bioassays.
Conclusions
In summary, we synthesized magnetic nanoparticles and quantum dots embedded in uniform silica spheres with an average particle size of 50 nm. This reproducible and facile method provides highly stable and luminescent composite nanoparticles which are also easily manipulated by an external magnetic field. The surface of the composite nanoparticles was decorated with amino groups for use in bioconjugation. The silanization protocol is straightforward, and the exploitation of the amino-decorated surface with the hetero-bifunctional crosslinker allowed for a simple conjugation protocol between the IgG proteins and FMCNPs. Bioactivity and binding specificity were investigated using immunofluorescence assays. The silica shell provides a versatile platform for the decoration of the surface with specific functional groups to be used later for bioconjugation (thiols, carboxylic acids, amines), and increased biocompatibility. Smart nanosystem materials detectable by fluorescence (tissue determination) and magnetic properties (nondestructive inspection) are currently under much investigation. As a consequence, FMCNPs hold great promise for noncytotoxic, site-directed surgeries, and in vivo bioimaging. We envision that multifunctional nanomaterials could be used in a number of biomedical applications in nanobiotechnology, such as targeting, bioimaging, cell sorting, drug delivery, and therapy systems. It is suggested that this method can be applied for semiconductor QDs and magnetic nanoparticles and can be extended to prepare various types of composite nanoparticles that are based on them.
